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a b s t r a c t
Malpighian tubules are the osmoregulatory and detoxifying organs of Drosophila and its proper
development is critical for the survival of the organism. They are made up of two major cell types,
the ectodermal principal cells and mesodermal stellate cells. The principal and stellate cells are
structurally and physiologically distinct from each other, but coordinate together for production of
isotonic ﬂuid. Proper integration of these cells during the course of development is an important pre-
requisite for the proper functioning of the tubules. We have conclusively determined an essential role of
ecdysone hormone in the development and function of Malpighian tubules. Disruption of ecdysone
signaling interferes with the organization of principal and stellate cells resulting in malformed tubules
and early larval lethality. Abnormalities include reduction in the number of cells and the clustering of
cells rather than their arrangement in characteristic wild type pattern. Organization of F-actin and
βtubulin also show aberrant distribution pattern. Malformed tubules show reduced uric acid
deposition and altered expression of Naþ/Kþ-ATPase pump. B2 isoform of ecdysone receptor is critical
for the development of Malpighian tubules and is expressed from early stages of its development.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The Malpighian tubules (MTs) of Drosophila are renal organs
that perform excretory and osmoregulatory functions like kidney
in vertebrates and humans. The two pairs of MTs originate from
the junction between the midgut and hindgut with one pair
migrating anteriorly and the other pair posteriorly. The mature
MTs are derived from ectodermal epithelial buds which give rise to
the principal cells (PCs) and surrounding mesenchymal mesoderm
undergo mesenchymal to epithelial transition as they get inte-
grated and ﬁnally differentiate into stellate cells (SCs). The number
of these cells remains fairly constant throughout the life (Wessing
and Eichelberg, 1978; Sozen et al., 1997; Denholm et al., 2003;
Hatton-Ellis et al., 2007; Jung et al., 2005). There are other smaller
cells that have now been identiﬁed as the stem cells and neuro-
endocrine cells (Singh et al., 2007).
Steroid hormone ecdysone is critical for the development of
Drosophila in all stages starting from embryogenesis to larval
molting, pupation and metamorphosis. Ecdysone exerts its effects
through a heterodimer of ecdysone receptor (EcR) and ultraspira-
cle (USP) (Yao et al., 1992; Thomas et al., 1993). USP is the
Drosophila homolog of vertebrate Retinoid X receptor (RXR) (Oro
et al., 1990; Henrich et al., 1990), while EcR gene encodes three
functional isoforms, EcR-A, EcR-B1 and EcR-B2 (Koelle et al., 1991;
Talbot et al., 1993). These three isoforms differ at their N-terminal,
A/B or activation function-1 (AF-1) regions, but share a common
conserved carboxy-terminal harboring the C and D domains
referred to as the DNA and ligand binding regions respectively
(Mouillet et al., 2001). The unique AF-1 domains of EcR isoforms
activate the downstream genes in the cell or tissue speciﬁc
manner. Mutations that block all three isoforms of EcR lead to
embryonic lethality, but mutation that blocks one isoform, affects
speciﬁc developmental processes (Bender et al., 1997). EcR-A
predominantly expresses in imaginal discs that develop into adult
speciﬁc structures while EcR-B1 predominantly expresses in those
larval structures which are destined to die (Schubiger et al., 1998;
Cherbas et al., 2003; Davies et al., 2005). Due to the absence of
EcR-B2 speciﬁc mutations, the function of this isoform is less well
understood. Ectopic expression of wild type EcR can rescue EcR
mutant phenotypes depending upon the EcR isoform involved
(Cherbas et al., 2003).
Drosophila being a holometabolous insect undergoes complete
metamorphosis during pupation, converting the larval life form to
the highly motile adult. Metamorphosis is accomplished by the
destruction of larval structures and formation of adult structures
from speciﬁc imaginal cells that have remained quiescent during
the entire larval. The destruction of larval and differentiation of
adult structures is guided by the steroid hormone, ecdysone. The
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larval MTs are one of the structures that escape ecdysone induced
destruction and are carried over to the adults. In one of the studies
we have shown that the proteins involved in the apoptotic path-
ways are expressed in the MTs but they are not activated due to
their sequestration in the nucleus (Shukla and Tapadia, 2011) thus
helping them to evade ecdysone induced destruction. Pro-apo-
ptotic proteins are also shown to have a role in the development of
MTs (Tapadia and Gautam, 2011). Ecdysone signaling is also
important for the integration of SCs in the MTs and Drip expres-
sion (Gautam and Tapadia, 2010).
MTs are the excretory organs that remove nitrogenous wastes
from the blood and function in osmoregulation (Dow et al., 1994,
1998). The primary function of MTs is secretion of isotonic ﬂuid,
which is accomplished by concerted action of physiologically distinct
PCs and SCs (Denholm et al., 2003). PCs are enriched with vacuolar-
Hþ-ATPase transporter which uses Naþ/Hþ and Kþ/Hþ exchanger to
transport cations into the lumen (O’Donnell et al., 1996) while SCs
have ion channels which permit ﬂow of Cl ions (O’Donell et al.,
1998) and aquaporins which permit water ﬂow into the lumen
(Kaufmann et al., 2005). (Naþ/Kþ)-ATPase is a transmembrane
channel protein expressed exclusively in PCs and is conserved from
lower to higher organism and plays an important function in reg-
ulation of ionic balance in the cells (Lebovitz et al., 1989). Recently it
has been shown that (Naþ/Kþ)-ATPase plays an essential role in
epithelial immune response in DrosophilaMalpighian tubules (Verma
and Tapadia, 2014).
In this paper we show that disruption of ecdysone signaling in
the PCs affected both PCs and SCs, leading to improper development
and function of the tubule. A reduction in size of the tubules
accompanied by reduced number of PCs and SCs was observed. The
functioning of the tubules was also affected due to ionic imbalance
resulting in reduced uric acid deposition. Disruption of ecdysone
signaling also affected cytoskeletal proteins, F-actin and β-tubulin in
the MTs. These phenotypes could be rescued maximally by co-
expression of wild type EcR-B2 isoform. Consequently we showed
that during early developmental stages, only EcR-B2 is expressed in
the MTs but neither EcR-B1 nor EcR-A, suggesting that ecdysone
probably mediates its effects through EcR-B2 in the MTs.
Results
Disruption of ecdysone receptor in MTs leads to abnormal
development of tubules
To examine the role of ecdysone signaling in the PCs of MTs, we
blocked the functioning of endogenous EcR by expressing dominant
negative EcR proteins, EcRF645A (EcR-DN), which has mutation in the
ligand binding domain, thus affecting all isoforms of EcR (Cherbas et
al., 2003). The EcR-DN heterodimerises with USP and binds to
ecdysone response elements but does not activate the target gene
expression. EcR-DN was expressed in the PCs of MTs using c42 Gal4
driver (Rosay et al., 1997). c42 expresses in the PCs of MTs and
salivary glands from embryonic stage (Figure S1). EcR-DN expression
in salivary glands during embryonic and early larval stages does not
hamper with normal development (data not shown) hence we
conclude that the phenotypes observed were entirely due to its
expression in MTs.
Progenies of c424UAS-EcR-DN showed delayed development and
resulted in early larval lethality (Table 1). The c424EcR-DN larvae
appeared smaller in size (Fig. 1X B) when compared to the wild type
(WT) larvae of the same age (Fig. 1X A). The stage of lethality of
c424EcR-DN progeny was determined to be early 1st instar by the
mouth-hooks (Fig. 1X B″, blue arrow). These larvae were slow moving
(Movie S1) and showed gross abnormalities like low adipose tissue
(Fig. S2), transparent cuticle and deformed MTs. The MTs of c424EcR-
DN dying/dead larvae (Fig. 1X B0) were smaller when compared to wild
type (Fig. 1X A0). These tubules were not properly elongated in the
body cavity and remain coiled. Since, the MTs appeared thin, the
external diameter of these tubules wasmeasured and compared toWT.
The mean diameter of the main segment of anterior and posterior MTs
in the WT larvae was 2172.1 and 2172.4 mm respectively while in
c424EcR-DN it was 0972.4 and 1171.9 mm respectively. Statistical
analysis showed that the mean diameter of MTs in c424EcR-DN larvae
was signiﬁcantly reduced when compared to wild type (Table 2).
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2014.11.003.
Disruption of ecdysone signaling in PCs leads to reduced cell number
and aberrant distribution in tubules
Since disruption of ecdysone receptor in c424EcR-DN progeny,
resulted in smaller tubules, we counted the number of PCs and SCs
in these tubules. For an unambiguous identiﬁcation of cell types,
teashirt and cut antibodies were used to identify SCs and PCs
respectively (Jung et al., 2005; Singh et al., 2007). Data in Table 3
shows reduction in the number of SCs and PCs in anterior and
posterior MTs as compared to wild type. In wild type, the mean
number of PCs and SCs in the anterior tubules was 14571 and
33.270.4 respectively while in posterior tubules it was 111.171 and
2270.4 respectively (Sozen et al., 1997). However in c424EcR-DN
larvae, the mean number of PCs and SCs in the anterior tubules was
98.273.953 and 23.170.9 respectively while in posterior tubules it
was 74.472.2 and 16.670.5 respectively (Table 3). We also looked
at the arrangement of these cells after ecdysone disruption in PCs
and observed that the regular distribution of PCs as well as SCs
(Fig. 1Y B) was altered when compared with the characteristic
distribution in wild type (Fig. 1Y A). The number of clusters and
cells in each cluster was counted and compared to wild type. It was
observed that total number of clusters of PCs and SCs in c424EcR-
DN larvae were signiﬁcantly more than that in wild type and the
number of cells in each cluster was also more as compared to wild
type (Table S1). It was observed that disruption of ecdysone in PCs
affected both the cell types, which was in contrast to our earlier
report that disruption of ecdysone signaling in the SCs, only affected
the SCs but not the PCs (Gautam and Tapadia, 2010). The role of
Table 1
Over expression of EcR-DN under c42 Gal4 driver causes larval lethality at 1st instar and co-expression of wild type EcR isoforms rescue these lethal phenotype to different
extents.
Genotype Embryos Unfertilized embryos Total fertilized embryos Dead embryos 1st instar larvae Pupae Flies emerged
WT 1190 115 1075 21 1054 1048 1044 (97.1 %)n
c424EcR-DN 1250 152 1098 43 1055 0 0
c424EcR-DN; EcR-A 1730 290 1440 36 1404 0 0
c424EcR-DN; EcR-B1 1610 53 1557 49 1508 1440 256 (16.4 %)n
c424EcR-DN; EcR-B2 1696 126 1570 47 1523 1431 1408 (89.7 %)n
n Percentage of total number of ﬂies emerged.
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ecdysone in MTs development was conﬁrmed using temperature
sensitive ecd1 mutants grown at 29 oC which were also less mobile
and had transparent body, low adipose tissue and improperly
developed MTs. The MTs were smaller in size and similar to
c424EcR-DN progeny (Fig. 2H). The number of PCs and SCs was
reduced and clustered in ecd1mutant grown at 29 1C (Fig. 2M and N)
Fig. 1. Disruption of ecdysone signaling in PCs leads to larval lethality, abnormal tubule development and irregular cells arrangements. X. Disruption of ecdysone signaling in
c424EcR-DN larvae show gross developmental abnormalities (B) compared to WT (A). The mouth-hooks of dead/dying larvae (B″) show the stage of lethality to be at 1st
instar, (B″, blue arrow). Anterior (blue arrow) and posterior (red arrow) MTs of c424EcR-DN (B) larvae were not properly developed and they were smaller compared to wild
type (A0). On co-expression of EcR-A isoform, embryos survived till 2nd instar larval stage (C) and they die during molting as observed by the presence of 2nd ( red arrow)
and 3rd instar mouth-hook ( blue arrow). EcR-B1 and EcR-B2 isoforms rescues lethality till adult ﬂies. Co-expression of EcR-A isoform rescues tubule development to a lesser
extent (C0) as compared to EcR-B1 (B0), while EcR-B2 rescues MTs phenotype (E) similar to wild type (Scale bars 100 mm). Y. Irregular arrangement of PCs (green arrows) and
SCs (red arrows) in the MTs of c424EcR-DN (B) compared to wild type (A). Co-expression of EcR-A (C) was not able to restore the arrangement of cells and it remained like
c424EcR-DN (B). EcR-B1 (D) improves it partially while EcR-B2 isoform restores the arrangement maximally (E) and almost same as wild type (A). PCs and SCs were
identiﬁed by marker protein Cut (green) and Teashirt (red) respectively. DAPI was used as a counter stain for chromatin (Scale bar 20 mm).
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while in ecd1 grown at 25 1C it was similar to wild type (data not
shown). It was also observed that PCs and SCs were not regularly
distributed as in wild type.
Co-expression of EcR-B2 isoform rescues phenotypes induced by
disruption of ecdysone receptor in MTs
Having observed that expression of EcR-DN with c42 Gal4
driver causes lethality and disrupted MTs morphology, further
investigations were carried out to know which isoform transduces
ecdysone signaling. Wild type EcR isoforms were co-expressed
individually along with EcR-DN using the same Gal4 driver. To
conﬁrm whether bringing extra UAS promoter does not affect the
Gal4 titer, we co-expressed EcR-DN;UAS-GFP with the same Gal4
which conﬁrmed that there was no titration of Gal4 driver. It was
also observed that c424EcR-DN;UAS-GFP and c424EcR-DN larvae
showed lethality at similar age (data not shown).
Each of the different EcR isoforms when expressed with EcR-DN
was able to rescue the phenotypes but to different extents. Max-
imum rescue was observed with co-expression of EcR-B2 resulting
in 89.7 % adults. These rescued ﬂies were viable and fertile similar
to wild type. Co-expression of EcR-B1 resulted in 16.4% adults,
remaining died at the pupal stage, however, co-expression of EcR-A
could rescue the lethality only up to 2nd instar larval stage (Table 1)
and these larvae died at 2nd/3rd instar transition stage (Fig. 1X C
and C″). Cuticle preparation of these larvae showed molting defects
as 2nd and 3rd instar mouth hooks were both present (Fig. 1X C″).
We then observed the MTs and arrangement of cells in each of
these rescued progenies. The MTs of viable c424EcR-DN;EcR-B2
(Fig. 1X E0) and EcR-B1 larvae (Fig. 1X D0) were similar to that of wild
type (Fig. 1X A0) while MTs of c424EcR-DN;EcR-A were not (Fig. 1X
C0). The thickness of MTs was measured to conﬁrm this observation
which showed that the mean diameter (in mm) of anterior and
posterior MTs of c424EcR-DN;EcR-A, c424EcR-DN;EcR-B1 and
c424EcR-DN;EcR-B2 larvae were 1172.7 and 1071.5, 1672.3
and 1571.8, 1972.2 and 1971.4 respectively (Table 2). Statistical
analysis did not show signiﬁcant differences in the thickness of
c424EcR-DN;EcR-B2 MTs compared to wild type while, c424EcR-
DN;EcR-B1 and c424EcR-DN;EcR-A larval MTs were signiﬁcantly
reduced. Co-expression of EcR-B2 was able to restore the arrange-
ment of PCs and SCs (Fig. 1Y E) similar to wild type (Fig. 1Y A), while
EcR-B1 isoform was also able to restore to certain level (Fig. 1Y D)
and EcR-A (Fig. 1Y C) was least efﬁcient.
The restoration of normal arrangement was also measured by
counting the number of clusters. Co-expression of EcR-B2 isoform
reduced the number of cluster of PCs and SCs to a great extent
which was similar to wild type. On the other hand, upon co-
expression of EcR-B1 the number of clusters decreased, but not to
the same extent as EcR-B2. EcR-A proved to be least efﬁcient in
restoring the number of clusters (Table S1). It was also observed
that the range of cells in each cluster of PCs and SCs in anterior
tubules and posterior tubule were restored to maximum extent in
c424EcR-DN;EcR-B2 then c424EcR-DN;EcR-B1 and least in c424
EcR-DN;EcR-A (Table S1).
Next, the number of PCs and SCs were also counted to ﬁnd out
whether the expression of different isoforms was able to restore the
cell number. Like other parameters, the different isoforms rescued cell
numbers to different extents. The number of PCs, SCs in anterior and
posterior tubule of c424EcR-DN;EcR-B2, c424EcR-DN;EcR-B1 and
c424EcR-DN;EcR-A were 136.471.8, 29.170.5 and 103.371.5,
19.870.4; 111.272.9, 27.270.6 and 76.072.5, 16.470.5; 128.87
1.9, 2870.5 and 100.671.5, 19.070.4 respectively (Table 2). The
above data suggested that EcR-B2 appeared to be most efﬁcient in
restoring cell number in MTs followed by EcR-B1, while EcR-A was
least efﬁcient.
Expression of EcR-A, B1 and B2 in MTs
As we observed that the expression of EcR-B2 to be most
effective in rescuing developmental defects caused by EcR-DN, we
wanted to assay the expression of different isoforms in MTs during
development. Expression of EcR-A and B1 was observed with
respective antibodies during embryonic and larval stages.
The results showed that EcR-A (Fig. 3A) and EcR-B1 (Fig. 3D) do
not express in the MTs of embryos (stages 14–15) and appeared same
as negative control (not shown). The MTs were identiﬁed in the
embryos by staining with Cut (Fig. 3B and E, white arrows). Having
observed the absence of EcR-A and EcR-B1 in the embryos, immu-
nostaining was done in 1st and 3rd instar larval MTs. Similar to
embryos, expression of EcR-A and B1 was not observed in 1st instar
larvae (Fig. 3 G and K), but unlike embryos and 1st instar larvae, in
wandering 3rd instar larvae, EcR-A expression was observed in the
nucleus and cytoplasm (Fig. 3 I), while EcR-B1 expression was
observed only in the nucleus (Fig. 3M). Merged images showed the
overlay of Cut and DAPI (Fig. 3C and F) and EcR and DAPI (Fig. 3H, J, L
and N). These results suggested that EcR-A and B1 do not express
during early development but the expression begins in late devel-
opmental stages. EcR-B2 analysis could not be performed by immu-
nostaining as EcR-B2 speciﬁc antibodies were not available.
To conﬁrm immunostaining results and to know the expression
of EcR B2, RT-PCR analysis was performed. Speciﬁc primers were
designed from unique AF-1 domains of EcR isoformsand used for
EcR-A, B1 and B2 transcripts. The sizes of the ampliﬁed fragments of
EcR-A, B1 and B2 were the 527, 802, 1458 bp respectively (Fig. S3).
Similar to immunostaining, no ampliﬁcation was observed for EcR-
A and B1 from RNA of 1st instar MTs, conﬁrming the absence of
expression of EcR-A and B1 at 1st instar stages. However, ampliﬁca-
tion of EcR-B2 was observed in 1st instar larvae suggesting that only
EcR-B2 isoform expressed in MTs during early stages (Fig. 3A0). The
Table 2
Mean (7S.E.) external diameter (in mm) of MTs is reduced by expression of EcR-DN
transgene and consequently rescued by co-expression of different EcR isoforms.
Genotype (N¼25) Anterior tubule Posterior tubule
WT 2172.1 2171.3
c424EcR-DN 0972.4n 1172.7n
c424EcR-DN;EcR-A 1172.7n 1071.5n
c424EcR-DN;EcR-B1 1672.3n 1571.8n
c424EcR-DN;EcR-B2 1972.2 1971.4
(N shows number of tubules measured in each case. nThe mean diameter is
signiﬁcant at Po0.05. Dunnet's t-test was performed with wild type as a control).
Table 3
Co-expression of EcR isoforms were able to restore the reduced number of PCs and
SCs in c424UAS EcR-DN larvae
Genotype
(N¼30)
Anterior tubules Posterior tubules
Principal cells
(PCs)
Stellate cells
(SCs)
Principal cells
(PCs)
Stellate cells
(SCs)
WT 144.070.4 31.270.2 109.170.3 21.770.1
C424EcR DN 98.273.9n 23.170.9n 74.472.2n 16.670.5n
c424EcR DN;
EcR-A
111.272.9n 27.270.5n 76.072.5n 16.470.5n
c424EcRDN;
EcR-B1
128.871.9n 28.070.5n 100.671.5n 19.070.4n
c424EcR DN;
EcR-B2
136.471.8 29.170.5 103.271.5n 19.870.4n
N shows the number of tubule counted (Po 0.05). Dunnett's t-test was performed
with wild type as a control.
n Signiﬁcantly reduced number of PCs and SCs compare to wild type.
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ampliﬁed EcR-B2 fragment was eluted and labeled to use as probe
for DNA–RNA in situ hybridization in embryos and larval MTs.
Embryos of stage 13–14 and 15-16 were taken for study as MTs
develops during these stages. EcR-B2 expression was observed in
the developing MTs in embryos at stage 13 (Fig. 3X A and A0) and
stage 15–16 (Fig. 3X C and C0).
Merged images showed the overlay of EcR-B2 and DAPI (Fig. 3X
B, B0, D, D0) which conﬁrmed EcR-B2 expression in MTs. Similarly
EcR-B2 expression was observed in 1st (Fig. 3Y A and A0) and late
3rd instar larval MTs (Fig. 3Y C and C0). EcR-B2 expresses in both
types of cells (PCs and SCs) of MTs. Merged images (Fig. 3Y C, C0 F
and F0) showed the overlay of DAPI and EcR B2.
Cytoskeletal elements are disorganized upon ecdysone signaling
disruption and is rescued by co-expression of ecdysone receptor
isoforms
Epithelial morphogenesis is very much dependent on proper
cytoskeletal organization, therefore the organization of cytoskele-
tal proteins was examined in the mutant MTs and compared to
wild type. A characteristic pattern of β-tubulin was observed in the
wild type with more expression in SCs (Fig. 4X A, white arrow)
compared to PCs (Fig. 4X A, red arrow). Disruption of ecdysone
signaling in c424EcR-DN larvae led to disrupted β-tubulin orga-
nization (Fig. 4X D) and the prominent tubulin expression in SCs
was also reduced (Fig. 4X D, white arrow). On expressing the
different isoforms with EcR-DN it was observed that expression of
EcR-B2 (Fig. 4X M) and EcR-B1 (Fig. 4X J) restored β-tubulin
organization similar to wild type (Fig. 4X A) but not in EcR-A
(Fig. 4X G). The expression of β-tubulin was also restored similar to
wild type in SCs of c424EcR-DN;EcR-B1 (Fig. 4X J, white arrow)
and c424EcR-DN;EcR-B2 (Fig. 4X M, white arrow). The total
intensity of β-tubulin expression in MT was measured by proﬁle
display function of LSM 510 Meta software and plotted on a graph
(Fig. 4X P), which clearly supported the above results.
The organization of microﬁlaments was also observed by stain-
ing F-actin with phalloidin, which revealed that F-actin was
arranged in bundles and organized in speciﬁc manner in MTs in
wild type (Fig. 4Y A, white arrow). Similar to β-tubulin, F-actin
bundles in the MTs of c424EcR-DN were disorganized (Fig. 4Y B,
white arrow). This phenotype was reverted back near to wild type
by EcR-B2 to maximum extent (Fig. 4Y E, white arrow) while EcR-A
(Fig. 4Y C) and EcR-B1 (Fig. 4Y D) could not revert back F-actin
organization in the MTs.
Disruption of ecdysone signaling in PCs up regulates the expression of
(Naþ /Kþ)-ATPase in MTs
Since ecdysone signaling affects the development of MTs, we
were interested to look at the physiological functions of MTs. (Naþ/
Fig. 2. Disruption of ecdysone signaling in ecdysonelessmutant leads to smaller larva and abnormal tubule development. [I] Temperature sensitive ecdysoneless mutant, ecd1
grown at 29 1C shows developmental delay (D) and abnormal MTs formation (H) while ecd1 grown at 25 1C shows normal development (C) and MTs (G) similar to WT. Wild
type larvae grown at 29 1C (B) develop faster in comparison of wild type larvae grown at 25 1C (A). MTs (F) of wild type larvae grown at 29 1C were normal and similar to
those grown at 25 1C (E). (Scale bar 100 mm). [II] ecd1 grown at 29 1C shows clustering of PCs (M, encircled area) and SCs (N, encircled area) in MTs in comparison to properly
arranged PCs (I) and SCs (J) in wild type. DAPI (K, O) staining identiﬁes PCs on the basis of larger nuclei and SCs with smaller nuclei. Merged (L, P) shows the overlay of Cut (I,
M), Teashirt (J, N) and DAPI (K, O). PCs (Green, I, M) and SCs (Red, J, N) were identiﬁed by marker protein Cut and Teashirt respectively. (Scale bar 20 mm).
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Kþ)-ATPase is a channel protein conserved from lower to higher
organisms and plays a very important function in regulation of ionic
balance in the cells (Roy et al., 2013). In adult and 3rd instar MTs,
(Naþ/Kþ)-ATPase has been reported to localize to the basolateral
surface (Torrie et al., 2004; Verma and Tapadia, 2014), but due to
absence of any report in 1st instar, we observed the expression of
(Naþ/Kþ)-ATPase in these larval MTs ﬁrst. Results showed that
similar to adults and 3rd instar larvae, (Naþ/Kþ)-ATPase is
expressed in the basolateral surface of the PCs as observed in the
surface view (Fig. S4A) and mid saggital section (Fig. S4 B) of initial
segment and in the main segment, surface view (Fig. S4 C), as well
as mid-saggital section (Fig. S4 D). Naþ/Kþ-ATPase does not express
in the SCs (Fig. S4 A and E), identiﬁed by teashirt staining (Fig. S4 F).
Nuclei were counterstained with DAPI (Fig. S4 G) and merged image
(Fig. S4 H) showed the overlay of (Naþ/Kþ)-ATPase, Teashirt and
DAPI which conﬁrms that (Naþ/Kþ)-ATPase does not express in
SCs. After disrupting ecdysone signaling in the PCs, an upregulation
of (Naþ/Kþ)-ATPase in c424EcR-DN (Fig. 5B) was observed when
Fig. 3. Expression of EcR A, B1 and B2 in MTs. Absence of EcR-A (A) and B1 (D) signals in the MTs suggest that EcR-A and B1 do not express during embryonic development
(stage 14-15). MTs were identiﬁed by anti-cut antibody (B, E). Merged images show the overlay of red (Cut) and blue (DAPI) (C, F) (Scale bar 20 mm). EcR-A and B1 do not
express in the 1st instar larval MTs (G and K). In MTs of wandering larvae, EcR-A expression is nuclear as well as cytoplasmic (I), while EcR-B1 expresses only in nucleus (M).
Merged images (H, J, L, N) show the overlay of green (EcR) and red (DAPI). (Scale bar 20 mm). [A0] RT-PCR analysis showed that only EcR-B2 expresses in the 1st instar, while
all of them EcR-A, B1 and B2 express in wandering larvae. G3PDH was used as positive control. Lane 1 and 2 represents 1st and 3rd instar larval MTs respectively. [X] Insitu
hybridization showed that EcR-B2 expresses in MTs at stage 13 and 15-16 (A and C) magniﬁed view (A0 and C0). (Scale bar 20 mm). [Y] EcR-B2 expresses in the 1st (A,
projection view) and 3rd instar larval MTs (C, projection view). Single section of 1st instar larval MT (A0) and 3rd instar larval MT (C0) shows that EcR-B2 is localized in
cytoplasm and nucleolus. Merged images (B, B0 , D, D0) shows the overlay of red (EcR-B2) and blue (DAPI). (Scale bar 20 mm in each case except in A0 , B0 , C0 , D0 scale bar 10 mm).
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compared to wild type (Fig. 5A). This was conﬁrmed by measuring
the ﬂuorescence intensity by proﬁle display function of LSM 510
Meta software which showed upregulation of (Naþ/Kþ)-ATPase
expression in c424EcR-DN (Fig. 5b) in comparison to wild type
(Fig. 5a). All images were captured at the confocal setting when –ve
control shows basal peak of auto ﬂuorescence (Fig. 5A0) in green
channel.
To ﬁnd out the ability of different isoforms to restore the exp-
ression of (Naþ/Kþ)-ATPase, each isoform was co-expressed with
EcR-DN. Maximum rescue was observed by co-expression of EcR-B2
(Fig. 5E) and then by EcR-B1 (Fig. 5D) isoforms, however, expression
of EcR-A (Fig. 5C) had no effect on the levels of (Naþ/Kþ)-ATPase and
was same as in mutant. These results were conﬁrmed by the line
proﬁle display function of LSM 510Meta software which showed that
the expression of (Naþ/Kþ)-ATPase was restored in the MTs of
c424EcR-DN;EcR-B1 (Fig. 5d) and c424EcR-DN;EcR-B2 (Fig. 5e) as
wild type (Fig. 5a) whereas c424EcR-DN;EcR-A (Fig. 5c) was similar
to c424EcR-DN (Fig. 5b). These results conﬁrmed that co-expression
of EcR-A was unable to restore EcR-DN induced elevated expression
of (Naþ/Kþ)-ATPase in the MTs. The results obtained by disrupting
EcR-DN were validated using ecd1 mutant. The expression of (Naþ/
Kþ)-ATPase was elevated in ecd1 grown at 29 oC (Fig. 5B0 A) and
comparable to c424EcR-DN (Fig. 5B0 D) whereas expression of (Naþ/
Kþ)-ATPase in ecd1 grown at 25 oC (Fig. 5B0 B) was similar to that of
wild type (Fig. 5B0 A). These results suggested that ecdysone signaling
is required for proper regulation of (Naþ/Kþ)-ATPase in MTs. The
intensity measurement by proﬁle display function of LSM 510 Meta
software clearly supported the above results.
To observe whether upregulation of (Naþ/Kþ)-ATPase, after
disruption of ecdysone signaling, also affected sodium ion concen-
tration in the cells, we used sodium green ﬂuorescent dye which
ﬂuoresces after binding to the free Naþ ions (Minta and Tsien, 1989;
George and Michael, 1995). There was an increase in ﬂuorescence
suggesting that there was an increase in free Naþ concentration
compared to wild type. These results were in agreements with
earlier reports that reduced (Naþ/Kþ)-ATPase resulted in reduced
ion concentration (Davis et al, 1995; Verma and Tapadia, 2014). The
mean ﬂuorescence intensity was measured for 10 MTs in a constant
area. The intensity in c424EcR-DN larval MTs (Fig. 6D) was
108.04721.5 (Fig. 6d) which was nearly 3 folds higher compared
Fig. 4. Disruption of ecdysone signaling in the PCs affects the proper organization of β-tubulin and F-actin. [I] The organization of β-tubulin was disrupted in MTs of
c424EcR-DN (D) in comparison to wild type (A). In wild type β-tubulin expresses abundantly in SCs (A, white arrows) compared to PCs (A, red arrow). Cells were identiﬁed
by size of the nuclei as SCs have smaller nuclei (B white arrows) than PCs (B red arrow). Reduced expression of β-tubulin was observed in the SCs and in PCs (D, red arrow) of
c424EcR-DN (D, white arrow). Co-expression of wild type EcR-B1 (J) and EcR-B2 (M) were able to rescue the β-tubulin organization almost same as wild type, while EcR-A
did not. DAPI staining shows the chromatin in MTs (B, E, H, K, N). Merged (C, F, I, L, O) shows the overlay of β-tubulin and DAPI. (Scale bar 5 mm). Intensity of β-tubulin
expression was measured by proﬁle display function and plotted on graph (P) which conﬁrms the above results. [II] The organization of F-actin was disrupted in MTs of
c424EcR-DN (B, white arrow) compared to wild type (A, white arrow). Co-expression of EcR-B2 able to revert back F-actin organization to some extent (E, white arrow)
while EcR-A (C, red arrow) and EcR-B1 (D, red arrow) were not able to do so (Scale bar 20 mm).
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to wild type (Fig. 6A) which was 35.77718.2 (Fig. 6a). Co-
expression of B2 isoform (Fig. 6G) was able to restore the Naþ ion
concentration 46.90713.7 (Fig. 6g) similar to wild type (Fig. 6a).
Co-expression of EcR-B1 was also able to restore Naþ concentration
to certain levels, but not with EcR-A (data not shown). These results
were conﬁrmed using ecd1 mutant where it was observed that net
Naþ concentration increased more than 3 folds (Fig. 6M and m) at
29 1C while the larvae grown at 25 1C (Fig. 6J, j) showed Naþ
concentration similar to wild type (Fig. 6A, a). Statistical analysis
conﬁrmed that Naþ concentration in c424EcR-DN and ecd1 at
29 oC was signiﬁcantly more in comparison to wild type.
Further we wanted to know whether disruption of (Naþ/Kþ)-
ATPase directly affects Naþ ion concentration in MTs, we checked
Naþ ion levels in (Naþ/Kþ)-ATPase mutants (Palladino et al.,
2003; Ashmore et al., 2009). Intensity of Naþ was signiﬁcantly
reduced in mutants compared to wild type (Fig. 6B).
After observing that disruption of ecdysone signaling led to
increased concentration of Naþ , it was presumed that this could
also affect the concentration of other ions in the MTs like Cl , Kþ
and Caþ . To measure the levels of these ions, element detection
system, EDS (energy dispersive X-ray spectrometer) of Zeiss
scanning electron microscopy was used. It was observed that
Naþ , Cl , Kþ , and Caþ þ ion concentration in MTs of c424EcR-
DN was 44.8712.1, 3.77 1.5, 49.1711 and 2.47 1 respectively
(Table 4). Similar results were obtained in ecd1 grown at 29 oC
where Naþ , Cl , Kþ and Caþ þ ion concentration was 45.77 13.8,
1.87 0.9, 49.87 14.3 and 2.771.4 respectively (Table 4). In the
wild type, Naþ , Kþ , Cl and Caþ þ ion concentration in MTs was
Fig. 5. Disruption of ecdysone signaling in MTs leads to up-regulation of (Naþ/Kþ)-ATPase. [A0] Expression of EcR-DN in PCs leads to upregulation of (Naþ/Kþ)-ATPase (B),
compared to wild type (A). Co-expression of EcR isoform B1 and B2 was able to rescue (Naþ/Kþ)-ATPase level in c424EcR-DN;EcR-B1 (D) c424EcR-DN;EcR-B2 (E) similar to
wild type. Co-expression of EcR-A was not able to do so (C) and it remained as c424EcR-DN (B). A0 is negative control (Scale bar 20 mm). [B0] Ecdysoneless mutant, ecd1
grown at 29 1C shows elevated expression of (Naþ/Kþ)-ATPase (D) similar to c424EcR-DN in comparison to wild type (A). ecd1 grown at 25 1C shows normal expression of
(Naþ/Kþ)-ATPase (B). Shown below each panel is the intensity of ﬂuorescence as measured by Proﬁle Display of LSM Meta 510 confocal microscope (A0a,b,c,d,e and B0a,b,c,d)
(Scale bar 20 mm).
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15.47 11.7, 18.07 9.2, 28.0713.5 and 38.5712.4 respectively
(Table 4). Statistical analysis showed that there were signiﬁcant
differences in ion concentration in mutant compared to WT
(Table 4). Co-expression of EcR-B2 restored the ion concentration
in the MTs similar to wild type (Table 4). The concentration of
Naþ , Kþ , Cl and Caþ þ ion in ecd1 mutant grown at 25 oC was
also similar to that of wild type (data not shown). The values given
for the ions are the relative percentage value measured by electron
dispersive system of Zeiss scanning electron microscope and do
not represent the exact concentrations of ions in the cells.
Disruption of ecdysone signaling in MTs affects uric acid deposition
Uric acid is an excretory product that is deposited in the lumen
of MTs (Wigglesworth, 1965; Bursell, 1967). The crystals of uric
acid are clearly visible in the birefringence light (Allan et al., 2005;
Hirata et al., 2012). So, in the light of disruption of channel
proteins in PCs, we studied the function of MTs by observing uric
acid deposition. A reduction in the deposition of uric acid in the
MTs was observed when ecdysone signaling was disrupted in PCs
(Fig. 7X B0).
These results were also validated using ecd1 grown at 29 oC
which showed reduced uric acid deposition (Fig. 7Y D0) compared
to wild type (Fig. 7Y A0). The larvae of ecd1 grown at 25 1C (Fig. 7Y
C0) and larvae of wild type (Fig. 7Y B0) grown at 29 oC were used as
Fig. 6. [A] Disruption of edysone signaling in MTs upregulates the Naþ ion concentration in the MTs. Sodium Green is the cell permeable dye, which ﬂuoresces after binding
to free Naþ ions in cells. Disruption of ecdysone signaling in the c424EcR-DN (D) increases the mean intensity by 3 folds when compared to wild type (A). In c424EcR-DN;
EcR-B2 (G) ﬂuorescence was similar to wild type (A). Similarly in ecd1 grown at 29 oC (M) the concentration of Naþ increased compared to ecd1 grown at 25 1C (J). (Scale bar
5mm). The area (1064 mm2) used to measure the intensity was constant in each case. Graph showing the total ﬂuorescence from 1 unit area (a,d,g,j,m). [B] Reduced
concentration of Naþ ion in MTs of Naþ/Kþ ATPase mutant larvae: Naþ concentration was reduced in the MTs of ATPα 22006 (B) and ATPα DTS1 R1B (C) compared to WT
(A). Statistical analysis suggest that differences in Naþ concentration is signiﬁcant (D) (P40.05).
Table 4
Disruption of ecdysone signaling in MTs disrupt the ionic balance in the tissue.
Increase Naþ and Kþ ion concentration in the MTs of ecdysoneless ecd1 mutant
grown at 29 1C (B) and c424EcR-DN (C) compare to wild type (A) while Ca2þ and
Cl ion concentration decreases. In the c424EcR-DN; EcR-B2 (D) the ion concen-
tration were similar to wild type (A). The values given for the ions are the relative
percentage value measured by electron dispersive system of Zeiss scanning
electron microscope and do not represent the exact concentrations of ions in the
cells. N shows total number of tubule taken for sample preparation in each case.
Genotype (N¼5) Naþ Cl Kþ Caþ þ
þ/þ 15.4711.7 1879.2 28713.5 38.5712.4
ecd1 (29 oC) 45.7713.8n 1.870.9n 49.8714.3n 2.771.4n
c424EcR-DN 44.8712.1n 3.771.5n 49.1711.5n 2.471.1n
c424EcR-DN;EcRB2 17.2712.1 13.7710.3n 29.6711.5 39.2714.8
n Mean difference is signiﬁcant at the level of 0.05. Dunnett's t-test was
performed with wild type as a control.
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controls and uric acid deposition was similar to wild type grown at
25 oC. The larvae were also observed in bright ﬁeld to conﬁrm the
presence of crystals in MTs (Fig. 7X A, B, C and D and Fig. 7Y A, B, C
and D). Above results clearly showed that disruption of ecdysone
signaling in the PCs altered the functional properties of tubules
resulting in reduced deposition of uric acid. In order to ﬁnd out
which isoform of EcR was able to restore these phenotypes, the
different isoforms A, B1 and B2 of EcR were co-expressed and
restoration was observed with EcR-A (Fig. 7X C0), B1(Fig. 7X D0) and
B2 (Fig. 7X E0) to different extents. Restoration with EcR-B2 was
maximum compared to wild type, followed by B1 and A.
Discussion
Drosophila MTs prove to be a good model to understand devel-
opment for three reasons, ﬁrst, they are made up of cells originating
from ectoderm and mesodermwhich intercalate in a regular manner
to form functional tubules (Denholm et al., 2003; Jung et al., 2005;
Singh et al., 2007; Gautam and Tapadia, 2010; Tapadia and Gautam,
2011) second, these cells of different origins have physiologically
distinct functions (Dow et al., 1994; O’Donnell et al., 1996; Davies et
al., 1996; Sozen et al., 1997; O’Donell et al., 1998; Denholm et al.,
2003; Verma and Tapadia, 2012) and third, they do not undergo
ecdysone induced degeneration during metamorphosis (Jiang et al.,
1997; Gautam and Tapadia, 2010; Tapadia and Gautam, 2011).
The present study shows a new role of ecdysone in the develop-
ment of MTs, affecting the distribution and number of SCs and PCs in
MTs. The primordium speciﬁcation by genes like tailless (tll), huck-
ebein (hkb), fork head (fkh) and Wingless (wg) (Janning et al., 1986;
Weigel et al., 1989; Skaer, 1989; Harbecke and Janning, 1989; Gaul
and Weigel, 1990; Smith and Orr-Weaver, 1991; Skaer, 1993; Harbeck
and Langyel, 1995; Wu and Langyel, 1998) does not appear to be
affected after disrupting ecdysone signaling as MTs do develop,
however the MTs are reduced in size, suggesting that genes involved
in proliferation are probably affected. We show that expressing EcR-
DN in PCs leads to reduction in the number of both, PCs and SCs,
which could be responsible for the reduction in size of the tubules.
This is in contrast to our earlier results where we have shown that
expressing EcR-DN in SCs affects the number of SCs only and not the
PCs (Gautam and Tapadia, 2010), suggesting that disruption of
ecdysone signaling in the PCs has more global effect than that in
SCs. Proliferation of cells in MTs is under the inﬂuence of epidermal
growth factor receptor (EGFR) signals emanated from the single tip
cell which is received by the distal neighboring cells resulting in cell
division. One of the regulators of cell proliferation is seven-up (svp)
which encodes a homolog of human transcription factor COUP-TF
(Mlodzik et al., 1990; Power et al., 1991) and belongs to steroid/
thyroid hormone receptor superfamily (Thummel, 1995). It has been
postulated that svp can heterodimerize with subunits of ecdysone
receptor and regulate gene expression (Power et al., 1991; Zelhof et
al., 1995). From the present results it is possible to believe that svp
can be a potent candidate to be regulated by ecdysone signaling. The
second possibility that ecdysone regulates EGFR signaling in MTs
development cannot be ruled out at the moment. The MTs cell
number does not seem to be reduced in rolling pebbles (rols) mutants
(Putz et al., 2005) but is reduced after disrupting ecdysone signaling,
suggesting that ecdysone acts early in the development of MTs. The
reduction in SCs number could be a consequence of ecdysone
regulating factors that might be involved in mesodermal cell division
or might be preventing intercalation in the MTs.
Apart from the reduced cell numbers, a second manifestation is
that the regular pattern of PCs and SCs are disrupted. The arrange-
ment of PCs is controlled largely by the product of rols, since in rols
mutants, while PCs were in clusters, the SCs integrated normally
(Putz et al., 2005). The rols mutants have defects in the passage of
Fig. 7. Disruption of ecdysone signaling in MTs reduced uric acid deposition [X] Disruption of ecdysone signaling in principal cells reduces the deposition of uric acid in the
MTs (B0) compared to wild type (A0). Co-expression of EcR-A, B1 and B2 with EcR-DN could restore the uric acid deposition as observed in c424EcR-DN; EcR-A (C0), c424EcR-
DN; EcR-B1 (D0), c424EcR DN;EcR-B2 larvae (E0). Corresponding images of wild type (A), c424EcR-DN (B), c424EcR-DN; EcR-A (C), c424EcR-DN; EcR-B1 (D), c424EcR DN;
EcR-B2 (E) larvae (C) were captured in the bright ﬁeld (Scale bars represent 100 mm). [Y] Disruption of ecdysone signaling in the MTs in ecd1 at 29 1C causes reduced level of
uric acid deposition (D0) compared to wild type (A0). Larvae of ecd1 grown at 25 1C (C0) and wild type (B0) grown at 29 1C (C0) showed uric acid deposition similar to wild type
grown at 25 1C. Corresponding images of larvae of WT at 25 1C (A), WT at 29 1C (B) ecd1 at 25 1C (C), ecd1 grown at 29 1C (D) were captured in the bright ﬁeld (Scale bars
represent 100 mm).
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tubules through the body cavity and loss of rearrangement of cells,
which, results in more than two PCs surrounding the MTs lumen
than the characteristic two cells as observed in wild type. Since the
expression of rols is from stage 15 onwards, the arrangement of SCs
was not affected (Putz et al., 2005), as by this time the SCs would
have incorporated in the tubules (Denholm et al., 2003). In the
present study we suggest that ecdysone signaling affects in PCs
before the SCs intercalation. Since, ecdysone deﬁciency leads to
clustering of PCs, so the proper intercalation of SCs is consequently
affected. Thus the aberrant distribution and reduced number of SCs
are consequence of PCs clustering due to ecdysone deﬁciency.
Ecdysone transduces its signal through three isoforms, EcR-A,
EcR-B1 and EcR-B2. The role of EcR-A and EcR-B1 (Schubiger et al.,
1998; Cherbas et al., 2003; Davies et al., 2005) has been well
documented but the role of EcR-B2 has not been studied because of
lack of speciﬁc mutants and absence of speciﬁc antibodies. Through
the present study we show that EcR-B2 isoform is the major
isoform in the MTs through which ecdysone signaling is transduced.
However the requirement of the EcR isoform for the two cell types
is slightly different as SCs exclusively uses EcR-B2 isoform (Gautam
and Tapadia, 2010) whereas PCs shows some redundancy as
observed in the present results. It primarily responds to EcR-B2,
but in the absence of EcR-B2, EcR-B1 can take over the functioning,
though to lesser extent than EcR-B2. EcR-A is also able to rescue but
not to the same extent as EcR-B1
It is notable in this context that migration of border cells in egg
chambers requires C/EPB transcription factor encoded by slow
border cells (slbo) locus and in slbo mutants, border cells migrate
either very slowly or not at all (Cherbas et al., 2003). Expression of
EcR-DN driven by slbo-Gal4 in ovaries, results in failure of border
cells migration, which is subsequently rescued by the expression
of EcR-B2 isoform (Cherbas et al., 2003). In view of the present
results, it is tempting to speculate that migration of cells to achieve
different developmental fates is triggered by ecdysone and EcR-B2
is the key isoform that transduces the signal. This also strengthens
the observation that migratory cells require EcR-B2 isoform as
observed for border cells (Cherbas et al., 2003) and SCs (Gautam
and Tapadia, 2010).
Tubule elongation depends on cell rearrangements following
proliferation, and requires other factors like cell migration and cell–
cell recognition and adhesion which are governed by cytoskeletal
and cell junctional proteins. Members of Rho-GTPase family have
been shown to modulate cytoskeleton elements (Hall, 1998). In the
present paper we show that ecdysone signaling could also be one of
the factors for misorganization of cells in MTs as microﬁlaments and
microtubules are disrupted. Myoblast city (mbc) mutant embryos
exhibit a strong muscle fusion phenotype and Mbc is involved in
dorsal closure and cytoskeletal organization (Doberstein et al., 1997;
Erickson, et al., 1997). mbc mutants display defects in tubule
organization, in which anterior MTs are displaced and misguided
within embryo (Ainsworth et al., 2000). Mbc, the homolog of
vertebrate DOCK180 in Drosophila, associates with the adapter
protein Crk (Erickson et al., 1997; Nolan et al., 1998; Galletta et al.,
1999), which regulates cell migration and cytoskeleton organization
in a Rac-dependent manner (Hasegawa et al. 1996; Kiyokawa et al.,
1998; Gade et al., 1997; O’Donnell and Spring, 2000). It is possible
that Mbc is also disrupted in the present study and is regulated by
ecdysone. However, it cannot be said whether disruption of cyto-
skeleton is the cause or effect of malformed tubules.
Fluid homeostasis and removal of toxic substances is critical to life
of an organism and these functions are carried out by specialized
organs like kidneys in human and MTs in Drosophila. There are
several speciﬁc set of transporters which very efﬁciently reduce the
toxic burden of organisms and maintain osmotic balance. (Naþ/Kþ)-
ATPase, an electrogenic pump is responsible for maintaining the
balance of Naþ and Kþ in almost all animal cells. Naþ/Kþ-ATPase is
critical to a variety of physiological processes like osmoregulation,
cell volume regulation, transport of certain amino acid and sugar and
maintenance of membrane excitability (Ianowski and O’Donnell,
2004, Verma and Tapadia, 2014, Roy et al., 2013). Direct correlation
of Naþ/Kþ-ATPase levels and Naþ concentration was rather surpris-
ing in the present study, but it is in agreement with earlier reports
where reduced levels of (Naþ/Kþ)-ATPase resulted in reduced Naþ
(Davis et al, 1995; Verma and Tapadia, 2014). Similar results with
(Naþ/Kþ)-ATPase mutants suggested that in MTs, (Naþ/Kþ)-ATPase
function differently as compared to the general assumption (3 Naþ
exported per 2Kþ imported) (Schooley et al., 2012). The altered
(Naþ/Kþ)-ATPase levels also differentially impacted the levels of
different ions like Naþ , Kþ , Caþ þ and Cl ions. There are several
factors like, serotonin activity, Naþ/Hþ exchanger activity and
hemolymph Kþ and Naþ levels which might affect the Naþ ion
concentration.
The overall effect of disruption of ecdysone signaling in MTs
ﬁnally results in lethality, which appears surprising as to how
malformed tubules lead to lethality. Earlier studies have shown
that expression of EcR-DN with Eip, GMR, Ser or dpp Gal4 drivers
revealed local as well as a global effects resulting in complete
blockage of development (Cherbas et al., 2003), suggesting that
prior to every molting there is a checkpoint which signals the
organism to proceed further for development. It is likely that
localized malfunctioning of EcR in important tissues is sensed by
the surveillance system and in case of irreparable damage, devel-
opment is halted at the next ecdysone dependent event. The data
strongly suggests that proper development of MTs could also be one
of the critical tissues for the survival of the organism whose
malformation ultimately leads to larval death.
In Drosophila the integration of mesenchymal cells with the dev-
eloping epithelial tubule is required for the physiological matura-
tion of MTs (Denholm et al., 2003). Parallel to this in vertebrates, the
recruitment of mesenchymal cells to epithelial tissues underpins
the development of vertebrate kidney. Failure in the process of
recruitment of mesenchymal cells to epithelial cells leads to pol-
ycystic kidney and in severest cases, to renal agenesis (Khoshnoodi
and Tryggvason 2001). What is important is that there has to be a
perfect coordination between these two functions, because disturb-
ing the function in any one cell types causes a global phenotype
leading to lethality. In the present study we have unequivocally
shown that ecdysone regulates the organization of MTs and also
controls ionic balance by regulating (Naþ/Kþ)-ATPase, however, the
other players in between ecdysone and these functions is still to be
understood. We also show a novel function for EcR-B2 in the
development and function of MTs.
Materials and methods
Fly stocks and rearing condition
The ﬂy stocks used for the study were obtained from Bloomington
stock centre except where mentioned. Oregon Rþ was used as a wild
type control. Gal4 driver c42, (gift from Dr. J.A.T. Dow, University of
Glassgow, Glasgow). The expression domains of c42 were studied
using UAS-GFP results shown in Fig. S1. EcR dominant negative UAS
responders, P{UAS-EcR.B1-DeltaC655.F645A}, wild type EcR isoforms
UAS responder, P{UAS-EcR.B1}, P{UAS-EcR.B2} P{UAS-EcR.A}. Appro-
priate crosses were setup to generate P{UAS-EcR.B1-ΔC655.F645A}; P
{UAS-EcR.B1}, P{UAS-EcR.B1-DeltaC655.F645A}; P{UAS-EcR.B2}, P{UAS-
EcR.B1-DeltaC655.F645A}; P{UAS-EcR.A}, P{UAS-EcR.B1-DeltaC655.
W650A}; P{UAS-EcR.B1}, P{UAS-EcR.B1-DeltaC655.W650A; P{UAS-EcR.
B2}, P{UAS-EcR.B1-DeltaC655.W650A; P{UAS-EcR.A}}. Temperature
sensitive hypomorph allele of ecdysone, ecd1 st1 red1 e4 ca1 (Garen
et al., 1977, kind gift from Dr. C. Thummel, University of Utah, Salt
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Lake City, UT ). ecd1 ﬂies were allowed to lay eggs at 29 oC and
allowed to develop till they were dissected for study.
Naþ/Kþ-ATPase mutants, W_; ATPα DTS1R1B/TM3, Sb,Ser and
ATPα 2206 (kind gift from Dr. Palladino, University of Pittsburg,
PA). All ﬂies were reared at 2571 oC on standard food containing
maize powder, agar, dried yeast and sugar.
Viability assays
Flies of different genotypes were allowed to lay eggs on agar
plates. Eggs were counted and left for further development. The
hatched larvae were transferred on the food plates and lethality
was scored at each stage. The number of eclosed adults was ﬁnally
used to measure the percentage viability.
Cuticular preparation of larvae
Dying/dead larvae of desired genotypes were ﬁxed in glycerol
and acetic acid in 1:4 ratio and kept at 60 1C overnight. Fixed larvae
were mounted on clean glass slide in Hoyer's mountant and kept at
60 1C overnight. Bright ﬁeld images were captured using Nikon
Digital camera DXM 1200 ﬁtted on the Nikon E800 microscope.
Dechorionation and devitellinization of embryos
Embryos of desired genotypes were dechorionated in 50% sodium
hypochlorite for 3 min and washed with distilled water for 2 min
followed by heptane for 1 min. These embryos were ﬁxed with
paraformaldehyde (4%) and heptane solution for 20–30 min. Fixative
was removed and embryos were washed twice with heptane. These
embryos were devitellinized with heptane and methanol solution.
Devitellinized embryos were washed 2–3 times in methanol. Next, the
embryos were rehydrated through down graded methanol (90%, 70%,
50%, 30%, 10%,) with PBT (1X PBS pH 7.4, 0.5% Triton-X-100) 5 min
each, again washed with 1X PBS thrice for 5 min each. Further these
embryos were used for immunostaining and in-situ hybridization.
Immunostaining
MTs of desired genotypes were dissected from dying/dead larvae
in 1X Phosphate buffer saline (PBS), ﬁxed in 4% paraformaldehyde
for 20 min at RT, washed in PBT thrice for 15 min, blocked in the
blocking solution for 2 h at RT followed by overnight incubation in
primary antibodies at 4 oC. The tissues were washed in PBT thrice
for 15 min each and incubated with secondary antibody for 2 h at
RT. Tissues were again washed thrice in PBT, followed by counter
staining in DAPI (1 μg/ml) for 15 min at RT. Tissues were washed
again in PBT at RT three times and mounted in antifadent DABCO
(1,4 diazobicyclo acetone) and observed under confocal microscope.
Expression domain of Gal4 driver
The Gal4 driver c42 was crossed with UAS-GFP to observe its
expression domains in development. The expression patterns of
green ﬂuorescence protein (GFP) in embryonic and larval stages
suggest that the Gal4 driver c42 expresses in the principal cells of
MTs (Fig. S1). In 1st instar larval MTs expression is limited to the
PCs (Fig. S1, C, C0, C″) however at 3rd instar larval stage, expression
was also observed in bar type SCs of initial segment along with PCs
(data not shown) as reported earlier by Rosay et.al. in 1997. GFP
expression pattern also suggested that c42 has leaky expression in
salivary glands.
Reverse transcriptase polymerase chain reaction (RT-PCR)
For semiquantitative RT-PCR analysis, total RNAwas isolated from
the MTs of the desired genotypes using TRIZOL reagent following the
manufacturer's recommended protocol (Sigma-Aldrich, India). cDNA
was synthesized from total RNA using 200U of M-MuLV reverse
transcriptase (New England Biolabs, USA) One-tenth volume of the
reaction mixture was subjected to PCR using speciﬁc primers.
Speciﬁc primers for N-terminal domain of EcR-A, EcR-B1 and EcR-
B2 were used (Bioserve, Hyderabad, India). GPDH was used as
internal control. Thermal cycling parameter for EcR A and B1 were
95 1C (2 min), 27 cycle of {95 1C (30 s), 50 1C (45 s), 72 1C (2 min)}
72 1C for 4 min. PCR condition for EcR-B2 was same as described for
EcR-A and B1 only ﬁnal extension time was 8 min due to large
fragment size.
Preparation of DIG-labeled DNA probe
Digoxygenin labeled probes were prepared by random priming
(Feinberg and Vogelstein, 1983) using the non-radioactive DIG-DNA
labeling kit (Roche, Germany). 2–2.5 μg of the linearized DNA
fragment of EcR-B2 was taken in a microfuge tube and the volume
was made up to l5 μl with distilled water. DNA was denatured by
heating in a boiling water bath for 10 min, followed by quick
chilling on ice. 2 μl (10 ) of random hexanucleotide primer mix,
2 μl of dNTP mix (0.1 mM each of dATP, dGTP and dCTP; 0.065 mM
of dTTP and 0.035 mM of DIG-dUTP) and 2 μl of the Klenow enzyme
(2U) was added and the reaction mixture was incubated at 37 1C for
16 h. The reaction was stopped by adding 2 ml of 0.2 M EDTA
(pH¼8). The labeled DNAwas precipitated by adding 2 μl of Salmon
sperm DNA (10 mg/ml), 2.5 μl of 4M LiCl2 and 75 μl of pre-chilled
absolute ethanol. After centrifugation, the pellet was dried and
dissolved in TE at a concentration of 25 ng/μl. The labeled DNA was
stored at 20 1C.
DNA-RNA in situ hybridization
Larval MTs and dechorionated and devitellinized embryo were
collected and ﬁxed with 4% PFA. Re-ﬁxation was done with 4% PFA
and 0.6% Triton-X in 1 PBS at RT for 20 min and washed in PBT
(1 PBS, 0.1% Triton-X) 5X5 min. After washing, digested with
proteinase K (10 μg/ml) for 4 min at RT and washed with chilled PBT
and glycine solution (2 mg/ml) for 25 min. Again ﬁxed in 4%PFA,
0.2% gluteraldehyde in 1 PBS for 15 min and washed 55 min in
PBT. Tissues were incubated in 1:1 mixture of PBT: Hybridization
buffer (50 % formamide, 5 SSC, 10 mg/ml yeast-t-RNA, 100 mg/ml
salmon sperm DNA, 50 mg/ml Heparin, 0.1% Tween-20 in DEPEC
water) for 10 min at RT, followed by 1 h at 48 1C in hybridization
chamber. Heat denatured DIG labeled probe diluted in hybridization
buffer was added and kept at 48 oC in hybridization chamber for
36 h. After hybridization, samples were washed in hybridization
buffer at 48 1C for 30 min. Then washed in hybridization buffer and
PBT in 1:1 ratio at 48 1C in hybridization chamber for 30 min.
Washed in hybridization buffer and PBT in 1:2 for 10 min. Washed
in PBT 2X50. Blocked in blocking solution for 2 h at RT. Incubated in
anti-DIG rhodamine at dilution 1:200 at RT. Wash in PBT for
155 min. Counterstained with DAPI and mounted in DABCO.
Measurement of ions concentration in MTs
Whole MTs were dissected out in 1X PBS and incubated in cell
permeable ﬂuorescent dye Naþ green (Molecular Probes) which
binds to free Naþ ions. Naþ ion concentration was measured using
proﬁle display function of Zeiss LSM 510 Meta confocal microscope
(Verma and Tapadia, 2014).
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Naþ concentrationwas reconﬁrmed by element detection system.
Five pairs of dissected tubules were kept in a drop of 5 μl of 1X PBS
for 30 min in moist chamber at room temperature. After 30 min
tubules were removed, PBS was allowed to dry and then sample
prepared for scanning electron microscopy (SEM) by the standard
protocol (Goldstein, et al. 2003). After sample preparation, ions were
measured by element detection system, (EDS, energy dispersive X-
ray spectrometer) of Zeiss Scanning Electron Microscope (Verma and
Tapadia, 2014)
Microscopy and documentation
Imunoﬂuorescence stained preparation were observed under
Nikon E800 ﬂuorescence microscope using appropriate ﬁlter or
under Zeiss LSM 510 Meta laser scanning confocal microscope. The
images on the Nikon E800 microscope were recorded with Nikon
digital camera DXN 1200. All the images were processed and
assembled using Adobe Photoshop 7.0. Drosophila larvae and ﬂies
were viewed under Zeiss Stemi SV6 Stereo-binocular microscope and
were photographed at a magniﬁcation upto 5 and digital zoom
6 using a sony digital camera (DSC-S75) ﬁtted on microscope.
Statistical analysis
The data were tested for their signiﬁcance using one way ANOVA
followed by Dunnett's t-test for comparisons between more than
two groups at 0.05 level signiﬁcance. Dunnett's t-tests treat one
group as a control, and compare all other groups against it.
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